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TranslationIt was thought that the proteins produced by ribosomes were dictated only by the sequences of the
mRNAs they translated, however it is becoming apparent that subpopulations of ribosomes can have
unique properties that inﬂuence the functions of the proteins they produce. Ribosomes have been
engineered to discriminate between different mRNA templates or with unique decoding properties,
and many new applications of unnatural ribosomes can be foreseen. In natural systems ribosomes
with alternate protein and RNA composition have been shown to selectively translate speciﬁc
mRNAs. As more is learned about ribosome structure and the mechanisms of translation, new
opportunities to engineer ribosomes for applications in biotechnology and synthetic biology can
be developed and new examples of ribosome-mediated regulation of translation are likely to
emerge in nature.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction – ribosome architecture, variations on a theme
The ribosome is a megadalton RNA–protein complex that is
essential for life in all cells and, by virtue of its role in translating
the genetic code into protein, in essence deﬁnes life itself. Perhaps
because of its core role in the cell, there is an historical and in-
grained view that ribosomes are homogeneous and a protein’s
function is dictated solely by the amino acid sequence and various
post-translational modiﬁcations. However, as more is known of the
structures and functions of ribosomes from diverse organisms it is
becoming clear that despite their common role in synthesizing
proteins, differences in composition between individual ribosomes
within the cell might play key roles in determining the fate of the
proteins they produce [1–6].
All ribosomes consist of two asymmetric subunits, composed of
both RNA and protein (Table 1). Bacteria, such as Escherichia coli
have relatively simple ribosomes of about 2.3 MDa. The small
30S subunit consists of the 16S ribosomal RNA (rRNA) in complex
with 21 proteins, while the large 50S subunit is composed of 33
proteins in complex with the 23S and 5S rRNAs [7–10]. Eukaryotes
have larger more complex ribosomes that vary in size from
3.3 MDa, in single-celled organisms such as yeast, to 4.3 MDa, in
complex multi-cellular organisms such as humans [11]. In both
yeast and humans the small 40S subunit is made up of 33 proteinsand an 18S rRNA [12,13]. The large 60S subunits of eukaryotic ribo-
somes contain 46 proteins in yeast and 47 proteins in humans, as
well as three distinct rRNAs (5S, 5.8S and 25S in yeast and 5S, 5.8S
and 28S in humans) [14]. The main differences in ribosome sizes
between eukaryotes result primarily from long species-speciﬁc
enlargements in the 25–28S rRNA, known as expansion segments,
although the loss or gain of individual proteins is also observed
[12,14,15].
The rRNA expansion segments can form imposing peripherial
features that might reﬂect differences in the modes of translation
in different eukaryotes. For instance, the protozoan Trypanosoma
cruzi uses trans-splicing to add a common highly modiﬁed 50 leader
to all of its mRNAs [16]. The small subunit rRNA in T. cruzi has two
large expansion segments of 147 and 504 nt that together form a
massive 205 Å structural element, positioned so that it might play
a role in recruiting the distinctive trans-spliced mRNAs to the ribo-
some [17]. Interestingly, the use of expanded rRNA is not conﬁned
to eukaryotes as cryo-electron microscopy revealed that Mycobac-
terium smegmatis has an expanded large subunit rRNA that forms a
unique helical structure that juts out of the large subunit towards
the mRNA exit channel [18]. In growing cells, the massive cellular
demand on ribosome synthesis requires rRNA to be produced rap-
idly and at high levels [19]. This is typically accomplished by using
many copies of rRNA genes and a high transcription rate of each
gene. In most organisms these genes are functionally equivalent
with only a few polymorphisms, however a few examples show
that this is not always the case. In Haloarcula marismortui one of
its three rRNA operons, rrnB, is highly divergent with 135 sequence
Table 1
Composition of prokaryotic ribosomes, mitochondrial and cytoplasmic eukaryotic ribosomes.
Organism Bacteria Yeast, cytoplasmic Human, cytoplasmic Human, mitochondrial
Mass 2.3 MDa 3.3 MDa 4.3 MDa 2.7 MDa
Components of the small subunit 16S rRNA
21 proteins
18S rRNA
33 proteins
18S rRNA
33 proteins
12S rRNA
P33 proteinsa
Components of the large subunit 23S rRNA
5S rRNA
33 proteins
25S rRNA
5.8S rRNA
5S rRNA
46 proteins
28S rRNA
5.8S rRNA
5S rRNA
47 proteins
16S rRNA
P52 proteinsa
Total composition 3 rRNAs
54 proteins
3 rRNAs
79 proteins
4 rRNAs
80 proteins
2 rRNAs
P85 proteinsa
a The recent discoveries of additional mitoribosomal proteins indicate that the complete repertoire of proteins may not be known yet [120–123].
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expression of the rrnB operon is upregulated at high temperatures
and its deletion results in a temperature-sensitive phenotype;
potentially due to the replacement of A-T basepairs in the other
rRNAs with G–C basepairs in the rrnB rRNA secondary structure.
Another particularly striking example of differential rRNA use is
seen in Plasmodium falciparum, which expresses different rRNAs
with quite diverse sequences within a few of their expansion seg-
ments, at different stages in its lifecycle, although the functional
implications of this phenomenon are not understood [21,22].
Heterogeneity of ribosomes can also be seen in their comple-
ment of proteins. First observed 40 years ago in E. coli during differ-
ent rates [23], it is now clear that not every ribosome has the same
protein composition. Strikingly, despite the high conservation of
core ribosomal functions, including mRNA decoding and amino
acid polymerization, only 34 proteins are shared between prokary-
otes and eukaryotes [11]. Furthermore, the expression of some of
these proteins has been observed to vary between cell-types and
developmental stages in Arabidopsis thaliana [4,24], Dictyostelium
discoideum [25], Drosophila melanogaster [26], humans [27] and in
the cytoplasmic and mitochondrial ribosomes of mice [28,29].
The roles of the non-universal ribosomal proteins and rRNA seg-
ments are almost entirely unknown and consequently the implica-
tions of their variable expression remain unclear.
The often dramatic differences in ribosome composition between
organisms, developmental stagesandgrowthconditions, provideclues
that the modes of translation and how it is regulated might vary dra-
matically between these states. It should therefore not be surprising
that there could be subpopulations of ribosomes within the same cell
with different properties that might provide unique opportunities to
regulate the synthesis of individual proteins and their consequent
functions. Nevertheless it was research focused on engineering artiﬁ-
cial ribosomes, thatﬁrst showedhowribosomal functionscanbediver-
siﬁed and,more recently, studies in natural systems have shown that
this strategy has been adopted during evolution.
2. New realism – ribosomes engineered to have specialized
functions
2.1. Specialized and orthogonal ribosomes in bacteria
The process of translation initiation, where the ribosome associ-
ateswith anmRNAand locates an appropriate start codon, is the pri-
mary site of post-transcriptional gene regulation in both bacteria
and eukaryotes [30–33]. Nevertheless, the mechanisms involved
are quite distinct. In bacteria base pairing between a distinctive
Shine-Dalgarno (SD) sequence in the mRNA and a complementary
anti-Shine-Dalgarno (anti-SD) sequence at the 30 end of the 16S
rRNA positions the ribosome directly upstream of the start codon
[34]. Pioneering work by Hui and De Boer showed that by swapping
the SD and anti-SD sequences between the Escherichia coli rRNA anda heterologous mRNA encoding human growth hormone, that they
could produce a pool of ‘‘specialized ribosomes’’ that preferentially
translated the modiﬁed mRNA compared to other mRNAs and that
the mRNA was poorly translated by wild-type ribosomes [35]. This
provided the ﬁrst evidence that a subpopulation of ribosomes could
differentially regulate the translation of speciﬁc mRNAs. However,
because the mutant ribosomes are not orthogonal, that is – able to
operate inparallel but independentlyof endogenousprotein synthe-
sis [36] – their expression leads to cell lysis and death [37,38].
To avoid complications due to misregulated translation, direc-
ted evolution was used to create a set of SD and anti-SD sequences
that would enable an mRNA and ribosome to function orthogonally
in living cells [39]. Life-death selections were performed and three
sets of ribosome-mRNA pairs were identiﬁed that functioned inde-
pendently in endogenous ribosomes in E. coli cells (Fig. 1a). Muta-
tions in endogenous rRNA are poorly tolerated and often lethal.
However, because orthogonal ribosomes (O-ribosomes) are not
constrained by any requirement to translate the proteome, they
can be extensively mutated to alter and explore their properties.
This property has been used to perform large-scale mutagenesis
of the rRNA residues that make up the interface between large
and small ribosomal subunits [40] and also to build synthetic gene
regulatory circuits controlled at the level of translation [41–43].
Recent studies have extended the applications of O-ribosomes to
expand the scope of codon recognition and amino acid incorpora-
tion by the ribosome, described below.
2.2. Ribosomes that facilitate the expansion of the genetic code
In all living cells the genetic code is limited to the common 20
amino acids, with the rare exceptions of selenocysteine and pyrol-
ysine [44]. Because the translational machinery decodes mRNA
using bipartite, tRNA adaptor molecules, the chemical nature of
the amino acid loaded on the 30 end of the tRNA is not dictated
by the physicochemical nature of the interaction between the tRNA
anticodon and mRNA codon. Therefore the genetic code is estab-
lished by aminoacyl-tRNA synthetases, the enzymes that load spe-
ciﬁc amino acids onto tRNAs [45,46]. Pioneering work from Schultz
and colleagues demonstrated that mutating the active site of the
Methanococcus jannaschii tyrosyl-tRNA synthetase enabled it to
load a variety of unnatural amino acids onto its target tRNA that
were subsequently added into proteins in E. coli [47,48]. The M.
jannaschii tRNATyr was modiﬁed so that it decodes the UAG stop co-
don, resulting in incorporation of an unnatural amino acid and sub-
sequent elongation of the nascent protein, instead of termination
of protein synthesis. Using these methods, numerous unnatural
amino acids have been incorporated into proteins, enabling the
site-speciﬁc labeling of proteins with biophysical probes, photo-
crosslinking reagents, ﬂuorescent groups, heavy atoms, and
orthogonal reactive groups [47,49]. This approach has since been
used to expand the genetic codes of yeast [50], mammalian cells
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Fig. 1. Engineered specialized ribosomes (a) Schematic representation of the
selection of mRNAs by orthogonal ribosomes (O-ribosomes). Subsequent evolution
of O-ribosomes enabled the selection of ribosomes that enhanced the incorporation
of unnatural amino acids at UAG stop codons (b), the decoding of quadruplet
codons (c), and the incorporation of selenocysteine at UGA codons ﬂanked by a
selenocysteine insertion sequence (SECIS) in the mRNA (d).
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Drosophila melanogaster [53]. However a drawback of this approach
is that the UAG suppressing tRNA must always compete with the
translation release factor that also recognizes the UAG stop codon
and promotes hydrolysis of peptidyl-tRNA to release the peptide
chain [54]. Chin and colleagues performed saturation mutagenesis
of 16S rRNA residues surrounding the site of release factor 1 (RF1)
binding, in the context of O-ribosomes, to select for mutants that
enhanced tRNA recognition of the UAG stop codon over translation
termination [55]. The selection of a single unique mutant enabled a
substantial increase in the efﬁciency of site-speciﬁc unnatural ami-
no acid incorporation (Fig. 1b), making it possible to incorporate an
unnatural amino acid at multiple sites in the same protein.
Despite the many advances in expanding the genetic code, with
over 70 unnatural amino acids successfully added to date, these
approaches have been almost entirely relied on recoding of the rare
UAG stop codon [47]. Because all 61 sense codons are actively used
by existing tRNAs carrying the 20 canonical amino acids it has been
challenging to add multiple different unnatural amino acids to pro-
teins within the same cells. One solution would be to move beyond
the existing set of triplet codons and use tRNAs with extendedanticodons that recognize quadruplet codons. However, initial
testing of this concept showed that the efﬁciency of incorporation
was very low, most likely due to the ribosome’s reduced ability to
accommodate the larger anticodon [56]. Large-scale mutagenesis
of the decoding centre of the O-ribosome followed by selection
for translation using a tRNA with a quadruplet anticodon has been
used to bypass this limitation (Fig. 1c) [57]. These mutant ribo-
somes were able to use quadruplet codons as efﬁciently as triplet
codons and, when used in combination with a UAG suppressor
tRNA, could be used to incorporate two distinct unnatural amino
acids into the same protein. This was used to incorporate amino
acids with an azide and an alkyne into calmodulin so that the spe-
ciﬁc reaction between the two produced a circularized protein.
This work opens the way to produce proteins with many unnatural
substituents and in the long term, given the ribosome’s ability to
incorporate other building blocks such as esters [58], it could be
possible to synthesize completely unnatural polymers according
to new genetic codes.
2.3. Ribosomes control the efﬁciency of selenocysteine incorporation
In addition to the 20 commonly used amino acids, selenocys-
teine is an unusual amino acid that is incorporated by the ribosome
into a select subset of proteins in species from all domains of life
[59]. Selenocysteine has both a lower pKa and a higher reduction
potential than cysteine that provides unique biophysical properties
to selenoproteins [60,61]. Incorporation of selenocysteine into pro-
teins is unique compared to other ribosomally incorporated amino
acids because selenocysteine lacks its own aminoacyl-tRNA syn-
thetase [44,62–64]. Selenocysteine is synthesized in the context
of a selenocysteine-speciﬁc tRNA (tRNASec) that recogizes the
UGA stop codon [65]. The tRNASec is ﬁrst misacylated with serine,
which is subsequently enzymatically converted to selenocysteine
directly on the tRNA [44,66–68]. Insertion of selenocysteine occurs
at only a few speciﬁc UGA stop codons and requires the presence of
a selenocysteine insertion sequence (SECIS) in the mRNA. The SE-
CIS facilitates the delivery of a selenocysteine-speciﬁc translation
factor and the associated tRNASec to suppress the stop codon and
insert selenocysteine [69,70]. The SECIS is thought to act as a proof-
reading element so that selenocysteine is not incorporated at all
UGA codons [66,71]. Perhaps because of the elaborate pathway
for selenocysteine incorporation, little is known about the poten-
tial role of the ribosome itself. Using the O-ribosome system, ribo-
somes with different capacities to incorporate selenocysteine were
selected following random mutagenesis of the 16S rRNA [72].
Mutations that decreased the efﬁciency of selenocysteine incorpo-
ration were identiﬁed as well as a mutant that substantially in-
creased its incorporation without affecting the suppression of
UGA stop codons by canonical amino acids (Fig. 1d). These ﬁndings
indicate that the ribosome is not a passive participant in genetic
recoding but instead it can actively facilitate selenocysteine
incorporation.
Although a direct role for eukaryotic rRNA in selenocysteine
incorporation has not been determined, it was recently found that
the chemical reactivity of the 28S rRNA of the large subunit of rab-
bit ribosomes was altered upon binding of the eukaryotic SECIS-
binding protein 2 (SBP2) [73]. Furthermore rat ribosomal protein
L30 can compete with SBP2 for SECIS binding [74], indicating that
the ability of the ribosome to control the efﬁciency of selenocys-
teine incorporation may represent a common feature of the trans-
lational insertion of the 21st amino acid. These data indicate that
rRNA contributes to the process of selenocysteine incorporation
such that the ribosome may have played a role in facilitating sele-
nocysteine’s ‘‘late’’ introduction to the genetic code [62], while bal-
ancing the need for a high ﬁdelity of canonical amino acid
incorporation and translation termination. Engineered ribosomes
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useful for many synthetic biology and biotechnological applica-
tions. For example, high-level incorporation of selenocysteine into
recombinant proteins will facilitate phasing in X-ray crystallogra-
phy [75], determining disulﬁde bond connectivity by NMR [76],
engineering new structural motifs [77], and the characterization
and re-engineering of naturally occurring selenoproteins. Further-
more, results using suppressor tRNAs emphasize that selenocys-
teine incorporation is a distinct process from canonical nonsense
suppression of translation termination [72]. The unique mecha-
nism by which selenocysteine is synthesized could expand the ge-
netic code to include reactive amino acids that cannot be
incorporated using current approaches. Selenocysteine is synthe-
sized on its tRNA to avoid the severe consequences of toxicity from
free selenocysteine. Since the efﬁciency of incorporation can be in-
creased using artiﬁcially evolved ribosomes, it could be feasible to
further engineer the selenocysteine incorporation machinery to
add highly reactive amino acids to the genetic codes of living cells.
The use of this system as a scaffold to expand the genetic code with
unnatural amino acids could provide advantages over currently
used amber suppression technologies that result in promiscuous
insertion of unnatural amino acids at all UAG codons.c
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Fig. 2. Specialized ribosomes in nature (a) Bacterial ribosomes treated with
kasugamycin or cleaved by MazF selectively translate leaderless mRNAs (lmRNAs).
(b) Ribosomes incorporating only a subset of ribosomal protein paralogs selectively
control the translation and localization of the ASH1 mRNA. (c) Ribosomes lacking
Rpl38 in mice cannot initiate translation on a subset of homeobox (Hox) mRNAs in
mice causing skeletal malformations. (d) Ribosomes require Rps25 and rRNA
modiﬁcation by DKC1 to translate mRNAs with internal ribosome entry sites
(IRESs). (e) Rpl40 is required for the translation of vesicular stomatitis virus (VSV)
mRNAs, which are ﬂanked by speciﬁc 50- and 30-untranslated regions (UTRs).3. Life imitates art – specialized ribosomes in nature
3.1. Leaderless mRNAs are recognized by unique ribosomes
Deliberate manipulation of the ribosome has revealed that engi-
neered variants can target selected mRNAs for translation, how-
ever it is only recently that natural ribosomes have been
discovered with analogous properties. Similarly to their engi-
neered counterparts naturally occurring ‘‘specialized ribosomes’’
in bacteria often use unconventional mechanisms in the initiation
phase of translation to target speciﬁc mRNAs. Unlike O-ribosomes,
which recognize an otherwise silent SD sequence, certain bacterial
ribosomes are able to selectively translate mRNAs that lack any se-
quence upstream of their start codons, so called leaderless mRNAs
(lmRNAs). Under normal conditions in bacteria these lmRNAs are
rare and poorly translated [78]. Translation initiation usually oc-
curs via association of ribosomal small subunit with the mRNA be-
fore recruitment of the large subunit [34]. However, mechanistic
studies have shown that lmRNAs directly engage preformed ribo-
somal complexes and that they are preferentially translated by
ribosomes lacking ribosomal proteins S1 and S2 [78]. In support
of this concept ribosomes in cells exposed to the antibiotic kasuga-
mycin lack more than six different ribosomal proteins, including
S1, and have been found to translate lmRNAs exclusively (Fig. 2a)
[79]. Selective lmRNA translation may be physiologically relevant
as a subpopulation of ribosomes may lack S1 in normal growth
conditions [80]. Indeed a recent study showed the selective trans-
lation of leaderless mRNAs by specialized ‘‘stress ribosomes’’ gen-
erated by the MazF endoribonuclease [81]. MazF is released from
its inhibitory antitoxin MazE upon cell stress and cleaves mRNAs
at ACA sequences [82]. However although overall translation is re-
duced, the synthesis of some mRNAs is stimulated [83]. In these
cases it was found that MazF cleaved adjacent to their start codons,
producing lmRNAs. The concurrent cleavage of the 30 end of the
16S rRNA by MazF removed the anti-SD sequence and produced
ribosomes that exclusively translated the newly produced lmRNAs
(Fig. 2a) [81]. Recently it was shown that transient pausing of ribo-
somes during translation in bacteria is due to pairing of the anti-SD
sequence with SD-like features of mRNAs [84]. These pausing
events can modulate the folding and subcellular targeting of the
nascent protein [85] but whether MazF-cleaved ribosomes inﬂu-
ence these processes during the bacterial stress response remainsto be determined. Nevertheless, this remarkable example illus-
trates how the simultaneous modiﬁcation of both rRNA and mRNA
has been used in nature, in an analogous manner to the laboratory
evolution of O-ribosomes, to enable the selective translation of a
subpopulation of mRNAs.
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The family of yeast species that includes extant Saccharomyces
cerevisiae arose from an ancient whole-genome duplication [86]
that has been proposed to have enabled the evolution of an efﬁ-
cient fermentation system in this lineage. Although the majority
of duplicated genes were subsequently lost during evolution,
approximately 10% remain due to specialization of their functions.
Interestingly of the 79 genes encoding cytoplasmic ribosomal pro-
teins, 59 still have two paralogous genes. Systematic study of these
genes has revealed that in many cases the paralogs are not func-
tionally equivalent, for example in their roles in ASH1 mRNA local-
ization. ASH1 mRNA is selectively transported to the growing bud
during cell division so that its encoded protein is present exclu-
sively in the daughter cell after it separates from its mother
[87,88]. This prevents the expression of the HO endonuclease and
inhibits mating type switching. Efﬁcient localization of ASH1mRNA
requires that its translation is repressed until it is anchored at the
bud-tip and also that it is continuously translated once successfully
anchored [89–91]. This complex interplay between translational
repression and activation is sensitive to the knockout of only par-
ticular paralogous genes for ribosomal proteins, such that ablation
of one paralog disrupts ASH1 mRNA localization while loss of the
other has no effect (Fig. 2b) [92]. The expression levels of both par-
alogs within a pair and their roles in ribosome assembly are in
some cases identical, indicating that the incorporation of one pro-
tein variant compared to another can differentially control ASH1
mRNA translation. Furthermore high throughput studies have
shown that there are paralog-speciﬁc effects on mRNA abundance
and distinct phenotypes that are observed depending on which
paralogous ribosomal gene is deleted, providing evidence for a
‘‘ribosomal code’’ in yeast [92], where ribosomes with distinct
compositions can control cell functions at a translational level.
3.3. Unique roles for ribosomal proteins in multicellular organisms
Idiosyncratic effects due to the loss of individual ribosomal pro-
teins are not unique to yeast and bacteria. Like yeast, individual
ribosomal proteins in plants are often encoded by multiple distinct
genes [4]. Furthermore, mutations in different genes within the
same family often produce distinct phenotypes, most typically dur-
ing development. However, to date it has not been possible to dis-
tinguish if the effects are due to differences in the abundance of
individual ribosomal proteins or divergence in their functions [4].
In contrast to plants, ribosomal proteins are predominantly present
as single copies within animal genomes. Nevertheless, mutations
in these genes can also produce quite distinct developmental phe-
notypes. In Drosophila, strains with delayed development and
smaller overall adult size, known asMinutes, result from mutations
in ribosomal protein genes [26]. Interestingly in some cases, spe-
ciﬁc body patterning, organ overgrowth and fertility defects
accompany the overall growth retardation [93–95]. Some of these
phenotypes can be explained by cell extrinsic effects due to the de-
layed development of endocrine tissues [93], however these obser-
vations could also be explained by potential speciﬁcity in the roles
of different ribosomal proteins in ﬂies.
A remarkable new role for ribosomal proteins came to light
when it was discovered that heterozygous mutations in RPS19
gene, encoding ribosomal protein Rps19, were responsible for Dia-
mond-Blackfan anemia in humans [96]. This disease is character-
ized by anemia, due to a reduction in erythroid precursor cells in
the bone marrow, and in many patients skeletal abnormalities,
growth retardation and leukemia and other cancers in later life
[97]. The reduced translational capacity in Diamond-Blackfan ane-
mia cells activates stress signaling pathways via p53 and inhibits
cell proliferation [98]. Since the initial identiﬁcation of mutationsin Rps19, mutations in other ribosomal proteins, including Rps7,
Rps10, Rps17, Rps24, Rps26, Rpl5, Rpl11, and Rpl35a have also
been identiﬁed in Diamond-Blackfan anemia patients [97]. The
speciﬁc phenotype in patients with mutations in ribosomal pro-
teins begs the question, is the hematological systemmore sensitive
to an overall reduced translational capacity or do these particular
ribosomal proteins play a more important role in the translation
of speciﬁc proteins required for blood cell function? Interestingly
erythroblasts with reduced Rpl11 or Rpl19 show a speciﬁc drop
in the translation of a subset of 130 mRNAs, some of which encode
proteins that are essential for differentiation of erythroid precursor
cells [99]. The knockdown of ribosomal protein genes in zebraﬁsh
lends further weight to this possibility, as only reduction of a par-
ticular subset of ribosomal proteins result in hematological defects
analogous to Diamond-Blackfan anemia [100]. Furthermore, while
mutation of Rpl19 and Rps6 in mice recapitulated the erythroid
dysfunction of Diamond-Blackfan anemia [101–103], mutation of
the genes encoding Rpl24, Rpl29 and Rpl38 in mice cause skeletal
defects without hematological dysfunction [28,104,105].
Recent studies of Rpl38 mutant mice have provided a compel-
ling picture of how loss of an individual ribosomal protein in ver-
tebrates can impact on the translation of speciﬁc mRNAs.
Mutation of Rpl38 results in speciﬁc patterning defects of the skel-
eton, including 14 instead of 13 pairs of ribs and unusual kinked
tails [28]. Despite its broad conservation in eukaryotes depletion
of Rpl38 did not affect global protein synthesis signiﬁcantly but in-
stead prevented the recruitment of a small subset of mRNAs
encoding homeobox (Hox) proteins to actively translating ribo-
somes (Fig. 2c). Interestingly this defect was speciﬁc to loss of
Rpl38, as mice mutated in ﬁve other ribosomal protein genes did
not show altered translation of Hox mRNAs [28]. Given that
Rpl38 is conserved in eukaryotes as diverse as yeast and humans
it is curious that removing it from ribosomes can modulate the
translation of mRNAs produced from animal-speciﬁc genes.
Rpl38 forms part of the L1 stalk in the large ribosomal subunit that
is capable of signiﬁcant movements during translation and has
been implicated in facilitating tRNA movement through the ribo-
some [11,14,15,106]. Rpl38 positions a large rRNA expansion seg-
ment ES27L, that is quite variable between eukaryotes, providing
a potential clue to how it might control the translation of speciﬁc
mRNAs. Although the roles of expansion segments are not known
it has been hypothesized that they might act to transduce signals
from the surface of the ribosome to allosterically control core
activities at the centre of the ribosome [107]. This could occur
via direct interactions with mRNAs or by recruiting mRNA-speciﬁc
RNA-binding proteins.
3.4. Ribosomal proteins provide access to unique modes of translation
In eukaryotes translation initiation begins with the recruitment
of the small subunit to a 7-methylguanylate ‘‘cap’’ at the 50 end of
the mRNA, followed by scanning along the transcript to locate a
start codon [32]. Many viruses subvert the normal process of trans-
lation initiation to begin translation in a cap-independent manner,
often in concert with factors that disable cap-dependent transla-
tion in order to funnel the cell’s protein synthesis capacity towards
viral replication [31]. These viral mRNAs contain complex struc-
tures known as internal ribosome entry sites (IRESs) that can re-
cruit initiating ribosomes without canonical 50 end scanning.
Studies have shown that Rps25 is required for the function of IRES
elements from a broad range of viruses including cricket paralysis
and hepatitis C viruses [108]. Furthermore Rps25 has been found to
bind IRES RNA sequences directly [109] and 40S ribosomal sub-
units lacking Rps25 cannot bind IRES elements [108], indicating
that Rps25 acts to directly recruit IRES-containing mRNAs for
translation. Interestingly although IRESs are best known as viral
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ber of cellular mRNAs. In X-linked dyskeratosis congenita the DKC1
gene, encoding a pseudouridine synthase that modiﬁes rRNA, is
mutated causing abnormalities in skin, bone and predisposition
to cancer [110]. By searching for mRNAs that failed to be translated
in mice mutated in Dkc1 it was revealed that translation of cellular
mRNAs containing IRES elements was impaired. Furthermore, the
ribosomes lacking speciﬁc modiﬁcations carried out by DKC1 were
also impaired in their ability to translate viral mRNAs containing
IRES elements (Fig. 2d) [111]. A role for ribosomes in the speciﬁc
translation of viral mRNAs is not limited to IRES-containing mRNAs
as Rpl40 was recently found to be required for the translation of
vesicular stomatitis virus mRNAs (Fig. 2e), which do not use IRESs
[112]. Vesicular stomatitis virus mRNAs use a 50 cap structure but
still escape the shut down of cellular translation that occurs during
viral infection. Rpl40 is crucial in this process, which is transcript-
speciﬁc [112] and likely requires viral 50- and 30-UTRs to bypass the
overall shutdown in host translation [113]. Reduction of Rpl40 in
yeast impairs the translation of approximately 7% of cellular
mRNAs, indicating that vesicular stomatitis virus may have hi-
jacked a Rpl40-dependent translational control mechanism, pres-
ent in normal cells, to effectively translate its mRNAs [112].
These ﬁndings reveal features of cellular ribosomes that facilitate
the translation of speciﬁc subpopulations of mRNAs. The variety
of non-canonical modes of translation that have been observed in
viral RNAs [114,115] and the diverse mRNA sequences that can ac-
cess them [116] provide clues that the examples described above
might represent just the tip of the iceberg for ribosome mediated
control of viral translation.
3.5. The unusual case of the mitochondrial ribosome
The most diverse and specialized ribosomes discovered to date
exist in the organelles of eukaryotic cells. The constant erosion of
chloroplast and particularly mitochondrial genomes over evolution
by deletion of DNA or its transfer to the nucleus has dramatically
reduced the sizes of rRNA genes and necessitated substantial
remodeling of the resulting ribosomes. The most reduced rRNAs
are found in nematodes, trypanosomes and mites, which can be
only one third the size of the equivalent rRNAs in bacteria [117].
The reduction of these rRNAs is so dramatic it has been proposed
that the remaining elements represent the minimal RNA sequences
required for ribosome function. Despite the loss of rRNA mitochon-
drial ribosomes, or mitoribosomes, are larger in size and mass than
those of their bacterial ancestors due to the addition of many
extensions to proteins that share homologs in bacteria as well as
numerous evolutionarily new proteins [118–123]. Although it
has been suggested that an increased ribosomal protein content
may compensate for the loss of rRNA, structural studies of Leish-
mania and mammalian mitoribosomes show that many of these
additional ribosomal proteins do not replace the missing RNA heli-
ces but instead have unique positions, often decorating the exterior
of the mitochondrial ribosome [124–126]. These proteins are found
in key functional positions of mitoribosomes that funnel mRNA,
tRNAs and the growing polypeptide chain and have likely evolved
new functions dictated by the unconventional characteristics of
mitochondrial mRNAs. For example, in mammals mitochondrial
mRNAs lack of 50-untranslated regions and encode extremely
hydrophobic proteins [127]. Elucidating the role of the additional
proteins in the mitoribosome will improve our understanding of
how they decode and translate mitochondrial mRNAs, and also
how these processes are regulated in response to different energy
demands within cells and organisms.
As well as producing components of the respiratory chain with-
in mitochondria, mitoribosomes also have a unconventional
role in germline formation. In many animals the formation of thegermline cells, including sperm and eggs, requires germ plasm, a
specialized region of the cytoplasm of the fertilized egg [128].
Germ plasm is almost entirely made up of mitochondria and elec-
tron dense structures called polar granules. Mitochondria provide
the energy required for developmental processes while polar gran-
ules provide protein and RNA factors that are required for germ
line formation [128]. Surprisingly mitochondrial small and large
rRNAs have been found in polar granules in Drosophila, indepen-
dently of mitochondria, and are essential for polar granule function
[129]. Furthermore, the mitochondrial rRNAs appear to be present,
along with mitochondrial ribosomal proteins, in fully formed mito-
ribosomes that are associated with mRNAs on the surface of polar
granules [130]. The fact that antibiotics that are speciﬁc for mito-
ribosomes disrupt the translation of certain germ granule mRNAs
and their association with mitoribosomes, has lead to the proposal
that these ribosomes might be able to translate cytoplasmic
mRNAs outside of the mitochondria [131]. How this could occur
mechanistically remains to be determined, as the mitoribosome
uses its own distinct set of translation factors and tRNAs that result
in several differences from the ‘‘universal’’ genetic code [132]. Nev-
ertheless, it is clear that mitoribosomes are highly specialized in
their own right in addition to possessing a potentially unique
and unprecedented role in the speciﬁcation of germ cells.
4. Future directions – Neo-expressionism
What are the limits of ribosome specialization? What might be
found in nature and what might be engineered? Given the remark-
able diversity of ribosome structures and functions that have been
observed in only a very limited set of model organisms is seems
likely that we have only scratched the surface. There are nowmany
examples of cells that possess distinct subpopulations of ribosomes
differing in their rRNA or protein content. The more challenging
task now is to systematically determine the functional conse-
quences of these differences. In this regard the tools and lessons
learned from engineering ribosomes in synthetic biology studies
should be particularly useful. Orthogonal ribosomes provide a
powerful scaffold to perform structure–function studies in the con-
text of living cells without affecting the translation of the proteome
[40,72]. Variations in rRNA and proteins could be added to orthog-
onal ribosomes and tested individually, while coupling these ribo-
somes to the translation of a selective marker enables the
screening of massive libraries of variants [40,55,57,72]. The use
of randomized libraries can identify ribosomes with unusual func-
tionalities and subsequent searching of the ever-expanding se-
quence databases can reveal whether these sequences, and
therefore equivalent functions, are likely to exist in nature. Labora-
tory evolution has created ribosomes with useful and interesting
properties but many more useful applications can be envisaged
[133], given that in nature the ribosome can inﬂuence the recogni-
tion of mRNAs, the balance between readthrough and termination
at stop codons, the speed versus the ﬁdelity of translation, the fold-
ing of nascent proteins, as well as the efﬁciency of peptidyltrans-
ferase reaction itself [7,134–137].
The complex and varied architectures of ribosomes provide
many opportunities for specialization. Studies to date have concen-
trated on the loss or gain of individual ribosomal proteins or their
isoforms and the use of alternative rRNAs, however both protein
and RNA components of ribosomes are also extensively modiﬁed.
Modiﬁcations to rRNAs are often very extensive, with hundreds
of modiﬁed nucleotides found in the rRNAs of higher eukaryotes
[138]. These modiﬁcations are often found in key regions of the
ribosome and although ribosomes with unmodiﬁed rRNA are still
functional, they are far less active [138,139]. Therefore it appears
likely that rRNA modiﬁcations play a role in ﬁne-tunning transla-
tion and in at least one case it has been shown that they can imbue
A. Filipovska, O. Rackham / FEBS Letters 587 (2013) 1189–1197 1195ribosomes with specialized functions [111]. Ribosomal proteins are
also extensively modiﬁed with acetylation [140], methylation
[141], phosphorylation [142], O-linked glycosylation [143], ubiqui-
tination [144], and hydroxylation [145] all reported to date. All of
these diverse modiﬁcations may well enable the specialization of
ribosomes in new and unanticipated ways. Furthermore, the
recruitment of accessory factors to the ribosome, as exempliﬁed
by the signal recognition particle [146], provides a further layer
of control where the ribosome can alter the ﬁnal functions of the
proteins it encodes.
5. Conclusions
To date, efforts to expand the functional repertoire of ribosomes
have been particularly successful because engineered ribosomes
have beendirected to translate just a small subset ofmRNAs or a sin-
gle mRNA, sparing bulk translation from the altered functionalities
they impart on their synthesized proteins. In nature specialized
ribosomeshavebeendiscovered that are speciﬁcally targeted topar-
ticular mRNAs or that can impart a particular functionality on their
protein products but ribosomes that can do both have not yet been
observed. However, given the remarkable diversity of ribosomes
within cells that has recently come to light, it seems likely that
examples of ribosomes that can regulateprotein functionswith such
exceptional speciﬁcity exist in nature, waiting to be discovered.
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